Abstract-Two different types of Vivaldi antenna arrays have been designed for UWB see through wall applications. The first is a 16 × 1 antipodal Vivaldi antenna covering 8-12 GHz, and the second is an 8×1 tapered slot antenna for 2-4 GHz frequency range. The array elements are optimized to have a compact size and almost constant gain with frequency. Wilkinson power dividers were designed and fabricated to compose the feed network for the Vivaldi antenna arrays. Measured results of the manufactured antipodal and tapered slot Vivaldi antenna arrays are in excellent agreement with the simulated ones, with a gain of more than 13 dBi and 12 dBi respectively within their respective operating band. The first array is geared towards see through dry wall with high resolution, while the second is designed at lower frequencies to allow see through concrete wall applications. Full arrays were manufactured and connected to multi-throw switches and have been utilized as part of synthetic aperture radar.
INTRODUCTION
For See-Through-Wall (STW) application, the transmitting and receiving antennas must be compact and lightweight for portability. Besides the requirements on their physical size, the antenna must be able to transmit UWB pulses with minimal distortion [1, 2] . The antenna radiation pattern needs to be accounted for -since significant image distortion might be seen due to the radiation pattern angle dependence. Here we use Vivaldi antennas because of their favorable characteristics for STW application, and specifically they have relatively simple structure, light weight, small lateral dimensions, wideband, high efficiency, and high gain characteristics, they are excellent candidates for array applications. Theoretical and experimental analysis of Vivaldi antenna characteristics can be found in [3] [4] [5] [6] [7] [8] . Variants of Vivaldi element have been documented [9] [10] [11] [12] [13] .
In this paper, we have developed two different Vivaldi antenna arrays for see through dry wall and concrete wall UWB applications utilizing antipodal and tapered slot antennas (TSA) respectively. The configurations of the array element were optimized to have a compact size. The antipodal antenna array operates at 8-12 GHz for high resolution imaging through dry-walls, while the TSA array operates at a lower band (2-4 GHz) with a similar size, however, both have more than 12 dBi gain at the respective operating band. Details of the developed Vivaldi antennas, Wilkinson power dividers [14, 15] , the sub and full Vivaldi antenna arrays, their simulation and experimental results will be presented in this paper.
VIVALDI ANTENNA ELEMENTS

Antipodal Vivaldi Element
In this design Antipodal Vivaldi antenna element [16] and Wilkinson divider are used to achieve a bandwidth of 8 to 12 GHz. The main advantage of this element over regular Vivaldi element is that very wideband performance can be achieved using the antipodal tapered profile with its inherently simple wideband transition from microstrip line to parallel-strips. Both simulated and measured results are presented. The design parameters and manufactured Antipodal element are shown in Figure 1 . Exponential tapered profile is a common shape to obtain a relatively wide impedance bandwidth. The manufactured antenna was fabricated on a 20-mil Roger 4003C material with a relative dielectric constant of 3.4 and a loss tangent of 0.0027. The top and bottom layers show the exponential taper profile [17] which is defined by the opening rate R and the two points P 1 (x 1 , y 1 ) and P 2 (x 2 , y 2 ) (use the first and the last points of the exponential taper)
where
Given the highest frequency of operation (f H ), the width d + 2w of the antipodal vivaldi antenna should satisfy Equation (3) to circumvent any grating lobes for the Vivaldi array.
where ε e is the effective dielectric constant. In addition, the antenna is fed by a microstrip through a stripline transition as shown in Figure 1 . The simulated far field radiation patterns of this element at a center frequency of 10 GHz are illustrated in Figure 2 . The element has ∼ 70 • 3 dB beamwidth with a 5 dB gain. 
Tapered Slot Antenna Element
For the 2-4 GHz operation, a tapered slot antenna design was developed. The design parameters of the proposed TSA and the fabricated parts are shown in Figures 3 and 4 respectively. The manufactured TSA was fabricated on Rogers RT5880 material with a relative dielectric constant of 2.2, thickness of 0.062" and a loss tangent of 0.0009. The top layer shows the microstrip line and the series radial stub used for feeding the tapered slot antenna. The bottom layer indicates the exponential taper profile which is defined by the opening rate R and was similarly determined by the first and last points as in the case of the antipodal Vivaldi antenna. Given the highest frequency of operation (f H ), the width W of the tapered slot antenna here should also satisfy Equation (3) to circumvent the grating lobes of the Vivaldi array. In addition, the TSA has been designed for a 100 Ω instead of 50 Ω. Therefore, we defined the width of the microstrip line feeder W m to give the characteristic impedance of 100 Ω, and followed similar design steps as Shin et al. [18] to achieve a wideband performance. After defining the parameters cited above, all other parameters are optimized with Ansoft High Frequency Structure Simulator (HFSS) to get both the compact size and good performance at the operating band.
DESIGN OF WIDEBAND WILKINSON POWER DIVIDERS
A wideband Wilkinson power divider [14, 19] is needed to feed the Vivaldi array. A 3-section Wilkinson power divider [14] , which provides signals with balanced amplitudes and phases from the output ports, is selected to compose the 16-way feed network for the antipodal Vivaldi antenna array, and 8-way for the TSA array. The manufactured 2-way wideband Wilkinson power divider for the TSA is shown in Figure 5 . The input and the two output ports are matched at a characteristic impedance of 100 Ω so that the power divider can be directly connected with the tapered slot antennas. Figure 6 indicates the simulated return loss and insertion loss of the power divider. In the operating band from 2 to 4 GHz, the return loss is lower than −15 dB and output ports have almost equal power level with insertion loss of −3.3 dB and ±0.2 dB fluctuation. Similarly, a divider is needed here for feeding our 16-element array. Again, the 3-section Wilkinson divider [14] is chosen to compose the 16-way binary-tree divider. A 1 to 4 Wilkinson divider was designed and built to test the performance, shown in Figure 7 . The predicted transmission and reflection performance of a 4-way divider is shown in Figure 8 (a). Insertion loss of each path is about −7 dB with +1 dB to −1 dB fluctuation -which corresponds to an extra 1 dB loss due to the ohmic losses. Meanwhile, the return loss at input port is better than −10 dB from 8 to 14 GHz. Measured return and insertion loss of the 1:4 feed divider are shown in Figures 8(b) and (c). The return loss of each port is below −10 dB from 8 to 14 GHz, and both are in good agreement with the predicted results. Measured results of other ports are not plotted out in Figure 8 but they follow the same patterns as that shown by S21 and S11. Thus, it is anticipated to have about 3-4 dB overall loss for the three stage dividers; i.e., the 1:16 way power divider.
DESIGN OF VIVALDI SUB-ARRAYS
Design of a 16-Element Antipodal Vivaldi Sub-array
Sixteen antipodal elements are combined through a Wilkinson power divider to form a sub-array with a fixed beam. The previously discussed 3-section Wilkinson divider is chosen to compose the 16-way divider, and provides signals with equal amplitudes and phases over the 8-12 GHz bandwidth. The top and bottom layers of the fabricated 16-element subarray are shown in Figure 9 . The element spacing is equal to the width of an element, which is (d + 2w) = 24 mm (0.946 in) based on simple grating lobe analysis indicated below. The overall size of this sub-array is 178 mm × 406 mm (7in × 16 in). To ensure no grating lobes, the following condition should be satisfied [20] ,
where (d + 2w) is the element spacing, λ is the wavelength at the operating frequency, and φ 0 is the main beam angle. For this 16-element sub-array, only the broadside needs to be considered. At broadside, φ 0 = −90 degree, this reduces the earlier condition (d + 2w) < λ. This subarray spacing, 24 mm, is slightly smaller than λ 0 up to 12 GHz, which predicts a grating lobe beyond 12 GHz, or higher sidelobe levels at higher operating frequency. The main beamwidth of an array is given by the following formula [20] ,
which predicts that around 10 GHz this subarray has 4 degrees 3 dBbeamwidth in the E-plane. The measured return loss of the Vivaldi sub-array shows a good match from 8-12 GHz, as shown in Figure 10 . The measured pattern of the subarray is shown in Figure 11 . The subarray has almost constant pattern within the operating frequency range. The measured gain varies from 13 dB to 14 dB, with a 1 dB fluctuation. The subarray of the 16 elements should ideally have a 17 dB gain, and the 3 dB gain drop is due to the loss of the Wilkinson network as previously indicated. The closest visible sidelobe occurs at 80 • at 12 GHz in the E plane; and the 3-dB beamwidth is about 4 • in the E-plane and 70 • in the H-plane. These measured results match the theoretical values predicted by Equation (5). 
Design of an 8-Element Tapered Slot Sub-array
An eight-element tapered slot array was fabricated to operate over the 2-4 GHz range. It was printed on Rogers RT5880 material. Figure 12 demonstrates the top layer and bottom layer of the manufactured array, where eight single Vivaldi antennas were fed by cascaded Wilkinson power divider network. As shown in Figures 3 and 5 , TSA and binary Figure 13 indicate that the array can operate from 1.2 to 4.2 GHz with a return loss of lower than −10 dB. A gain of more than 12 dBi is sustained over the frequency range 2 to 4 GHz, as shown in Figure 14 . Figure 15 demonstrates the measured radiation pattern of the Vivaldi antenna array at 2, 3 and 4 GHz, which shows that the side lobes are 15 dB lower than the main beam in the azimuth plane. The simulated gain shown in Figure 14 is higher than the measurement. There are two factors that contribute to the higher simulation result. Firstly only one prototyped antenna covering 2-4 GHz was fabricated in our experiment and hence a wide band flared horn was used for measurements, which is typically difficult to accurately carry out such gain measurements over a 1:4 frequency range. In general it is preferred to have identical antennas for better measurements. It is believed that +/−1 dB variation can be expected from our measurement. Secondly, HFSS was used to simulate the 8-element 2-4 GHz array. Due to its large size, it took 20 hours to run a case for a PC with a 2.2 GHz Core2 Duo CPU and 3.0 GB RAM, and it is hard to get very accurate simulation for such big arrays. In other words, the agreement between measured and simulated results is adequate for such big arrays. 
A FULL ARRAY EXAMPLE
Design of the Full Array
A full array with sixteen 16-element sub-arrays was built for 8-12 GHz operation and is shown in Figure 16 . This full array has a fixed elevation beam pattern (E plane) shown in Figure 11 (a), and can be synthetically steered in the azimuth plane (H plane). The sub-array spacing is set to 2.4 cm, which is 0.8λ at 10 GHz for suppressing grating lobes over the scanning angle from −30 • to 30 • . The synthesized azimuth (H plane) 3-dB main beamwidth is around 4 • at broadside, according to Equation (5) in Section 5. Because of the presence of sin φ 0 in the denominator, the beamwidth will get broader as the array is synthetically steered from broadside to near endfire. For a fixed operating frequency range, one can either increase the interelement spacing d or the number of array elements N to decrease the main beamwidth and improve array directivity. However, increasing N will make the array larger and more complicated to fabricate; increasing d will cause grating lobes and would limit the viewing angle. Depending on different applications requirements, a trade-off must be made between the array performance such as the main beamwidth and steering range, and the array design degrees of freedom such as the inter-element spacing and the number of elements [21] . The above antipodal Vivaldi array is built for Synthetic array operation where only one single antenna is used at a time. Hence, mutual coupling due to the presence of the neighboring elements must be minimized. In our implementation with a physical spacing of 2.4 cm, the coupling between these 16 sub-array elements is less than −23 dB as shown in Figure 18 . Mutual coupling effects on the radiating element patterns have been also investigated as indicated in Figure 19 , where the radiation pattern was measured first for one sub-array (the central one), then compared to those of adding N sub-arrays at both sides of the central one. In Figure 19 , N = 0 means there is no neighboring subarray next to the central one, N = 1 means adding one terminated subarray at both sides of the central sub-array, and so on. The differences between these various radiation patterns are not significant and for all practical reasons they have been assumed constant in our SAR code implementation.
The measurement indicates that the assumption that all sub-arrays are adequately independent of each other is a good approximation; otherwise extensive calculations are required to account for the radiation pattern variation for different sub-arrays in the SAR code implementation [22] [23] [24] [25] . Wider spacing between the elements should reduce the mutual coupling between the elements, but it could cause unwanted grating lobes.
Design of a UWB SP16T Switch
A Single Pole 16 Throw (SP16T) switch was designed to automate the full array. The SP16T switch is comprised of 15 Single Pole Double Throw (SPDT) switch units, utilizing a binary tree structure, shown in Figure 20 . The used SPDT is Hittite HMC347LP3, a Monolithic Microwave Integrated Circuit (MMIC) [26] with 1.7-dB insertion loss, 40-dB isolation, and DC-14 GHz range. The binary tree has 4 layers, and each layer has 2 (n−1) SPDT units. The MMIC board is made of 20-mil Roger 4003C substrate and placed in a customized alumni package (Figure 21(a) ). The switch driver (Figure 21(b) ) is comprised of 74HC04 chips and utilizes 4:16 decoder topology. The driver input is a 4-bit TTL word providing 16 logic states, from "0000" to "1111", each of which turns on the corresponding channel. More details of the switch and driver circuit design can be found in [27] . The measured return loss in Figure 22 indicates that the designed switch covers both higher frequency band of 8-12 GHz and lower band of 2-4 GHz. The measurement also shows that the SP16T has considerably high insertion loss of 8-dB at higher frequency band, in Figure 23 . The high loss results from the multiplelayer binary tree structure and the 1.7 dB loss of each SPDT element. However, significant performance improvement and design complexity reduction can be achieved upon utilizing the recently available Hittite HMC344 SP4T switch. 
CONCLUSIONS
In this paper, two designs for Vivaldi antenna arrays suitable for see through wall applications were presented. The tapered slot Vivaldi antenna array was developed to be part of the see through concrete wall detection. While, the antipodal Vivaldi antenna array was developed for higher resolution images through low loss walls like drywalls. The antennas and wideband Wilkinson power dividers were utilized to compose the array and were optimized to get a compact size. The measured results of the return loss, gain and radiation patterns demonstrated good performances of the Vivaldi arrays. An example of the full array comprised of sixteen 16-element sub-arrays was introduced. The full array has adequate decoupling of 23 dB or higher between the neighboring sub-arrays to minimize mutual coupling effects. The design of an ultra-wideband SP16T switch to automate the full array was discussed.
